The distribution of the planktivorous basking shark, Cetorhinus maximus, is influenced by zooplankton abundance at small scales and temperature at medium scales in the North Atlantic. Here, we estimate the distribution of basking sharks on South Atlantic continental shelves, and the relative importance of chlorophyll concentration, as a proxy for zooplankton abundance, and temperature in determining habitat suitability for basking sharks at large scales. We used maximum entropy (MaxEnt) and maximum likelihood (MaxLike) species distribution modelling to test three hypotheses: the distribution of basking sharks is determined by (1) temperature, (2) chlorophyll concentration, or (3) both chlorophyll and temperature, while considering other factors, such as oxygen and salinity. Off South America, basking shark habitat included subtropical, temperate and cool-temperate waters between approximately 20 o S and 55 o S. Off Africa, basking shark habitat was limited to cool-temperate waters off Namibia and southern South Africa. MaxLike models had a better fit than MaxEnt models. The best model included minimum chlorophyll concentration, dissolved oxygen concentration, and sea surface temperature range, supporting hypothesis 3. However, of all variables included in the best model, minimum chlorophyll concentration had the highest influence on basking shark distribution. Unlike the North Atlantic distribution, the South Atlantic distribution of basking sharks includes subtropical and cool-temperate waters. This difference is explained by high minimum chlorophyll concentration off southern Brazil as compared to North Atlantic subtropical areas. Observations in other regions of the world support this conclusion. (Bonfil et al., 2005; Southall et al., 2006; Saunders et al., 2011; Howey-Jordan et al., 2013; Sequeira et al., 2013). The large geographic extent of the ranges of these species complicates the assessment of habitat requirements necessary for conservation planning. For this reason, large-scale habitat suitability modelling may play an important role in pelagic shark ecological and conservation science (Sequeira et al., 2012).
species in CITES Appendix II, which imposes the tracking of the international trade of products derived from basking sharks. Today, the most significant threat to basking sharks is fishing for their fins, which are among the most valuable in the international trade (Clarke, 2004) . Despite these regulations, a large fraction of the international trade in basking shark fins is unrecognized (Magnussen et al., 2007) .
In this paper, we compiled all known confirmed records of basking sharks in the South Atlantic, including unpublished records presented here for the first time, and used them to model the geographic range of basking sharks in the region. Our objectives were (1) to estimate the geographic distribution of basking sharks on South Atlantic continental shelves, and (2) to estimate the relative importance of several factors, including chlorophyll concentrationas a proxy for zooplankton abundance -and temperature, as well as dissolved oxygen and salinity in determining habitat suitability of basking sharks on South Atlantic continental shelves.
Materials and Methods

Data Sources
For the southwest Atlantic we used two primary sources of records: the scientific literature, and the database of the Onboard Fishery Observers Program of the Instituto Nacional de Investigación y Desarrollo Pesquero (Argentina). This database contains information on species caught by fishing vessels covered by the program, including photographs to check species identification, from 2003 to February 2013. For the southeast Atlantic, we used data from the Fish Collection and the Shark Collection (AfroBIS) of the Iziko South African Museum, accessed from the Global Biodiversity Information Facility data portal. We inspected all data to remove duplicates (i.e. records with the same date and location).
The study area was defined according to the coverage of the various data sources used. While we are aware that basking sharks have been occasionally recorded in oceanic waters (McKinnell and Seki, 1998; Gore et al., 2008; Skomal et al., 2009 ), we restricted our study area to continental shelf waters because all South Atlantic records of basking sharks come from continental shelves, which may bias estimations of oceanic habitat suitability. In addition, most tracked basking sharks occur preferentially in continental shelf waters (Sims et al., 2003; Skomal et al., 2004; Southall et al., 2005 Southall et al., , 2006 Gore et al., 2008) , indicating that this habitat plays an important role in basking shark biology. Off South America, the latitudinal limits of the study area were set at 60 o S, i.e. the southern limit of the Onboard Fishery Observers Program, and the northern limit approximately at 6 o N, which corresponds to the northernmost extension of the Brazilian coast surveyed by Soto (2000) . The western boundary of the study area was set close to the Argentinean-Chilean border, south of Tierra del Fuego ( Environmental predictors were obtained from the Bio-ORACLE database (Tyberghein et al., 2012) . This database contains high-resolution (5 arcmin or 9 km) layers of multiple environmental variables of the ocean that were used in the models of the species distribution. We initially selected a set of variables potentially important in determining basking shark distribution on the basis of previously published information, i.e. mean, minimum, maximum, and range chlorophyll concentration, mean dissolved oxygen concentration, mean, minimum, maximum, and range sea surface temperature, and mean salinity. We interpreted mean values of all variables as a measurement of the mean effect of these variables on basking shark distribution. Maximum and minimum sea surface temperature can influence thermal upper and lower limits of the distribution of basking sharks. Range sea surface temperature is a measurement of the variability in temperature that is usually associated to frontal areas. We used chlorophyll a concentration as a proxy for zooplankton abundance -the main food of basking sharks, given the general positive correlation between phyto-and zooplankton biomass (Irigoien et al., 2004) . Maximum and minimum chlorophyll a concentration could be indicative of the influence of an abundance and a scarcity of food on basking shark distribution. Range in chlorophyll a concentration was included as an indicator of variability in food supply to basking sharks. While the focus of our work was to evaluate the relative importance of temperature and chlorophyll a concentration (as a proxy of planktonic productivity), we included other available variables known to affect the distribution of elasmobranchs, such as mean dissolved oxygen concentration (Nasby-Lucas et al., 2009; Abascal et al., 2011) and mean salinity (Cortés et al., 2011; Drymon et al., 2013 ).
Modelling
We postulated three competing hypotheses explaining basking shark distribution in South Atlantic shelf waters: (1) chlorophyll is the most important determinant, (2) temperature is a key determinant, and (3) both variables affect basking shark distribution. To test these hypotheses, we built three kinds of models: (1) Models containing only chlorophyll variables, plus other covariates, i.e. dissolved oxygen and salinity, (2) models containing only temperature variables, plus other covariates, and (3) Models containing both temperature and chlorophyll variables, plus their interaction and other covariates. After fitting the models we selected the one with the best fit to the data as the best hypothesis explaining basking shark distribution on South Atlantic continental shelves.
We used two modelling approaches to test our hypotheses, both based on presence and background data: one based on maximum entropy estimation (MaxEnt; Phillips et al., 2006; Elith et al., 2011) and another based on maximum likelihood (MaxLike; Royle et al., 2012) . MaxEnt uses a sample of environmental data, called the background. Then, it determines the geographic range by finding a function that maximizes the information entropy between the distribution of the background subject to constraints imposed by the presence records. MaxLike uses all background data of the study area to estimate the probability of occurrence of a species. It accomplishes this by maximizing the likelihood conditioned on the probability of observing a cell given the species is present.
Prior to fitting models, we inspected the relationships between each pair of predictors in order to avoid multicolinearity. Variable pairs that had a correlation coefficient > 0.5 were not included together in the same model.
We implemented the MaxEnt modelling in MaxEnt version 3.3.3k within the library 'dismo' (Hijsmans et al., 2013) in the statistical software R, version 12.5.2 (R Core Team, 2012) . MaxEnt generates maps of habitat suitability scaled from 0 (lowest suitability) to 1 (highest suitability) (Phillips et al., 2006; Elith et al., 2011) .
We ran each MaxEnt model 100 times (the maximum number of replicates allowed by our computing power) (Dambach and Rödder, 2011) , then, we obtained a mean response model from the 100 runs. Each time, a random sample of 33% of the dataset (i.e. 15 presence records) was saved to test the model. Model fit was evaluated by means of the True Skill Statistic (TSS), as recommended by Allouche et al. (2006) . TSS ranges between -1 and 1, with 1 indicating perfect fit and values of 0 or less indicate a performance not better than random (Allouche et al., 2006) . The threshold used in the calculation of TSS maximized the sum of sensitivity and specificity (Liu et al., 2013) .
MaxLike modelling was conducted using the library 'maxlike' version 0.1.5 (Royle et al., 2012) in R, version 12.5.2.
Before fitting MaxLike models all variables were standardized, as recommended by Royle et al. (2012) . The Akaike Information Criterion (AIC) was computed for each MaxLike model and the model with the lowest AIC was chosen as the one with the best fit. Akaike weight (w) was also calculated for each model to determine the relative importance of each variable included in the best model. The Bayesian Information Criterion (BIC) was also computed for each MaxLike model.
We compared the fit of the best MaxEnt and MaxLike models with TSS.
To obtain the range map, i.e. a binary map encompassing the highest habitat suitability or probability of occurrence, a threshold was applied to the results of the best MaxEnt and MaxLike models. As before, the chosen threshold was the one that maximized the sum of sensitivity and specificity (Liu et al., 2013) .
Results
We identified 46 confirmed records of basking sharks in the South Atlantic Ocean, 22 off southern Africa and 24 off South America (Fig. 1) . Of the South American records, 4 (16%) were not reported previously. These new records substantially expanded the known geographic range of basking sharks to the southern Patagonian shelf (Table 1) .
MaxEnt was unable to identify a single best hypothesis explaining basking shark occurrence on South Atlantic continental shelves. Several models with TSS higher than 0.5 had overlapping 95% confidence intervals (Table 2 ).
These models were consistent with hypothesis 1 (i.e. chlorophyll is the main determinant of basking shark distribution) and 3 (i.e. both chlorophyll and temperature have an effect on basking shark distribution). However, most of these models produced inaccurate maps, for example extending the distribution of the basking shark into freshwater areas of the Río de la Plata. Of these, only model 15 (Table 2) did not predict freshwater areas as suitable habitat for basking sharks, except for a small area in the innermost Río de la Plata ( Fig. 2A) .
Conversely, MaxLike succeeded to identify a single best model fitting the data. This was model 35 ( Variables chl a min , oxygen and SST range did not contribute equally to the final model. The most important variable was chl a min , with a w of 0.616, followed by oxygen (w = 0.551), and SST range (w = 0.100).
Both the best MaxEnt and MaxLike models agreed in the general extent of the basking shark range on South Atlantic continental shelves. However, the best MaxEnt model predicted a more widespread and continuous range for basking sharks than the best MaxLike model ( Fig. 2A, B ; Fig. 3A , B).
Based on the best MaxLike model the highest probability of occurrence of basking sharks were, generally, confined to areas south of 20 o S on both sides of the Atlantic. Off South America, the highest probabilities of occurrence of basking sharks were located off southern Brazil, between Espírito Santo and Cabo de Santa Marta Grande (i.e. 20 to shark occurrence in coastal waters of South Georgia (Fig. 3A) . In the southeast Atlantic, basking sharks inhabited the cool waters from off southern South Africa to northern Namibia, and were absent in the subtropical waters off northeastern South Africa, and in tropical waters off southern Angola (Fig. 3B ). Unlike the southeast Atlantic range, the southwest Atlantic range of basking sharks comprised cool temperate, warm temperate and subtropical waters.
Discussion
We found support for an effect of both chlorophyll minimum concentration and sea surface temperature range in determining the distribution of basking sharks on South Atlantic continental shelves. However, of all three variables included in the best model, chlorophyll minimum concentration had the highest contribution. We propose that the importance of chlorophyll minimum concentration on basking shark distribution likely reflects a positive correlation with phytoplankton abundance, which in turn affects the abundance of the zooplanktonic prey of basking sharks. A positive correlation of chlorophyll concentration and zooplankton abundance at large scales has been observed before (Irigoien et al., 2004; Ware and Thomson, 2005) . In the study area, sectors of high zooplankton abundance coincide with areas of high phytoplankton abundance, as estimated by chlorophyll concentration (Verheye 2000; Sabatini and Álvarez Colombo, 2001; Acha et al., 2004) . Our finding agrees with results at smaller scales, where zooplankton concentration is a major determinant of basking shark occurrence and abundance (Sims et al., 1997 (Sims et al., , 2003 Sims and Quayle, 1998; Soldo et al., 2008; Siders et al., 2013) . The results of our model likely reflect the distribution of concentrations of basking sharks, which are generally located in areas with high food availability (Sims, 2008; Siders et al., 2013) .
Evidence is increasing that dissolved oxygen concentration plays an important role in determining the distribution of large sharks. It is not surprising that dissolved oxygen concentration could limit the vertical and horizontal distribution of endothermic sharks, which have high metabolic rates and oxygen demands, such as shortfin mako Isurus oxyrinchus (Abascal et al., 2011) , and white sharks Carcharodon carcharias (Nasby-Lucas et al., 2009), but it also has a large effect on ectothermic species, such as the bull shark Carcharhinus leucas (Heithaus et al., 2009) . We hypothesize that the importance of dissolved oxygen as a determinant of the distribution of basking sharks on South Atlantic continental shelves reflects the importance of frontal, well oxygenated systems as primary habitat for this species. (2001); although they extend the distribution to oceanic waters between Africa and South America.
Eastern (i.e. African) and western (i.e. South American) parts of the South Atlantic geographic range of basking sharks are dissimilar in their habitat suitability. The southwest African shelf appears to have higher and more continuous habitat suitability than the South American shelf. This could be a result of both the high oceanographic heterogeneity of the South American shelf (Acha et al., 2004 ) and the extremely high productivity (second in the world) of the southwest African shelf (Waldron and Probyn, 1992) . South American continental shelves include a mosaic of areas of high productivity scattered among areas of lower primary and secondary production (Acha et al., 2004) . On the other hand, on the southwest African shelf, areas of high productivity are more homogeneously distributed, forming a vast frontal system -the Benguela system. Given the importance of primary production in determining basking shark distribution in the South Atlantic, it is expected a more continuous habitat suitability on the southern African shelf than off South
America.
The geographic range of basking sharks on South Atlantic shelves has some marked differences with the distribution on North Atlantic shelves. In the North Atlantic outside the Gulf of Mexico, basking sharks occur mainly in high latitudes (Compagno, 2001) , wandering into subtropical shelf waters (e.g. east coast of Florida, USA) only occasionally (Compagno, 2001; Compagno et al., 2005) . However, regular occurrence of basking sharks in subtropical shelf waters appears to be a common pattern in some areas, like off Fujian (China), where basking sharks were common enough as to support a harpoon fishery (Lam and Sadovy de Mitcheson, 2011), and off northwestern Florida, where repeated interannual sightings of basking sharks have been reported (Hoffmayer et al., 2011) . The situation off Fujian resembles the case off southern Brazil, where basking sharks used to be common and its occurrence as predictable as to support small-scale gillnet fisheries (Soto et al., 2007) . Minimum chlorophyll concentration is a major driver explaining the presence of basking sharks in southern Brazilian subtropical waters, as compared to eastern Florida or KwaZulu-Natal (South Africa) waters. From the Bio-ORACLE database (Tyberghein et al., 2012) , minimum chlorophyll concentration is about an order of magnitude higher off southern Brazil than off eastern Florida (Table 4) . Interestingly, minimum chlorophyll concentration off Fujian and off northwestern Florida -the other subtropical areas with a known regular occurrence of basking sharks -is similar to the one off southern Brazil (Table 4) . Waters off KwaZulu-Natal -the subtropical area within our study area with zero basking shark occurrences -have a minimum chlorophyll concentration lower than those off southern Brazil, Fujian, or northwestern Florida (Table 4) . Thus, we propose that the regular presence of basking sharks in subtropical shelf waters is limited by food (zooplankton) availability. In fact, a positive association of food availability and abundance or occurrence has been reported in basking sharks (Sims et al., 1997; Sims and Reid, 2002; Siders et al., 2013) and other planktivorous elasmobranchs (e.g. Anderson et al., 2011; Jaine et al., 2012; McKinney et al., 2012) .
In general, the most suitable habitats for basking sharks on South Atlantic continental shelves coincide with the northward branches of the Antarctic Circumpolar Current, which produce upwelling areas rich in zooplankton and dissolved oxygen, and with steep horizontal gradients in sea surface temperature. The highest habitat suitability for basking sharks are located in frontal systems, such as the Benguela upwelling off western South Africa and Namibia, the upwelling areas off Cabo Frio and Cabo de Santa Marta Grande off southern Brazil, the Río de la Plata estuary front and the shelf-break front off northern Argentina and Uruguay, the tidal front off the northern Patagonian gulfs, and the Patagonian cold estuarine front off the mouth of the Strait of Magellan. Fronts increase primary production by resuspending nutrients in the euphotic zone, increasing zooplankton concentration (Muelbert et al., 2008) , which, in turn, increases the abundance of predators (Etnoyer et al., 2004; Royer et al., 2004; Campagna et al., 2006) . Among elasmobranchs, it is well known that the abundance of both zooplankton feeders (Sims and Quayle, 1998; Luiz Jr. et al., 2009; McKinney et al., 2012 ) and higher-level predators (Campana and Joyce, 2004; Weltz et al., 2013) increases at fronts, making these areas hotspots of species richness (Worm et al., 2003; Lucifora et al., 2012) . The congruence of the areas of highest habitat suitability for basking sharks and the location of marine fronts agree with previous observations of marine fronts as important habitats for basking sharks (Choy and Adams, 1995; Sims and Quayle, 1998; Hoffmayer et al., 2011) .
Copepods and large planktonic crustaceans are the main components of the basking shark diet (Compagno, 2001; Sims, 2008) . Accordingly, foraging areas of basking sharks are characterized by a predominance of these prey, particularly copepods (Sims and Merrett, 1997) . Copepods are the most abundant zooplankton in frontal areas off southern Brazil (Montú et al., 1997; Lopes et al., 1999; Muelbert et al., 2008) , and off Argentina (Sabatini and Álvarez Colombo, 2001; Acha et al., 2004) , as well as off southwest Africa (Verheye et al., 1998) . This indicates that the zooplankton community of the areas identified as suitable habitat for basking shark in the South Atlantic contains the most important prey groups for basking sharks.
The best model predicts that basking sharks might occur both in areas with historical basking shark records but without precise data, and in areas lacking any previous record of basking sharks. One of these areas is the eastern Uruguayan coast. Although we were not able to obtain the precise locations of basking shark occurrences in this area, these sharks are known to occur off eastern Uruguay (de Buen, 1950) , where they are occasionally caught in gillnet fisheries (Domingo et al., 2008) . Accordingly, our model predicts the occurrence of basking sharks in the same area where the species has been recorded along the Uruguayan coasts. Other areas in which the model predicts suitable habitat for basking sharks but no actual records have been confirmed include a few scattered coastal areas of South Georgia. Basking sharks have not been recorded around South Georgia waters (Duhamel and Compagno, 1985; Compagno, 1984 Compagno, , 2001 Ebert et al., 2013) . However, the presence of basking sharks in high-latitude areas in the Northern Hemisphere (e.g. Barents Sea, White Sea) and the frequency of other commonly co-occurring species in South
Georgia (e.g. porbeagle sharks, Lamna nasus) (Duhamel and Compagno, 1985; Figueroa, 1997) suggest that the habitat suitability predicted by the model may be correct. The current absence of basking sharks around South Georgia may be a result of lack of data or an actual absence due to the remoteness of this area.
There are some potential issues that might affect or limit our results. First, the opportunistic nature of our records is an obstacle that impedes the use of stronger presence-absence modelling frameworks. Modelling techniques incorporating presences and absences are known to perform better than presence-background techniques (Brotons et al., 2004) . Thus, these techniques are preferred when standardized surveys are available (Brotons et al., 2004) . In our case, our sources of data were records from museum collections, fishery catches and fishery observer programs. The only way of amalgamating all these records is through presence-background modelling techniques, such as those used here, which have performances close to presence-absence techniques (MacLeod et al., 2008; Royle et al., 2012) , as has been done previously for basking (Siders et al., 2013 ) and other sharks (McKinney et al., 2012; Sequeira et al., 2012) . Second, the available records had a distribution biased to coastal waters, while it is known that basking sharks spend considerable amounts of time in the open ocean at mesopelagic depths (Skomal et al., 2009 ). We addressed this problem by limiting our analyses to continental shelf waters. Also, our results identify offshore areas as suitable habitat for basking sharks despite most records being close to shore. This suggests that, within the neritic realm, our results could be unbiased. However, much remains to be done concerning the distribution of basking sharks in open waters of the South Atlantic Ocean.
The areas identified as most suitable for basking sharks are close to shore and in highly productive areas (fronts).
Nearshore marine habitats are more affected by these anthropogenic effects (e.g. pollution, habitat destruction, fishing) than offshore areas (Halpern et al., 2008) . Highly productive South Atlantic marine fronts tend to accumulate fish biomass, which makes them a target of commercial fisheries (Sakko, 1998; Tyedmers et al., 2005; Lucifora et al., 2012; Alemany 2013) . Hence, in these areas basking sharks are exposed to high anthropogenic impacts. Basking sharks appear to be highly vulnerable to even low levels of human-induced mortality (Sims, 2008) . Thus, regulation of fishing methods known to affect basking sharks must be monitored in areas containing suitable habitat for this species. Also, fishing crews could be instructed on the most appropriate ways of releasing basking sharks caught incidentally, although the success of such a measure will depend on post-release survival.
We have shown how habitat suitability modelling may inform about the geographic distribution of a threatened shark in a large area with little available information. Our model explains why basking sharks occur regularly in some subtropical shelf areas (e.g. southern Brazil, Fujian, northwest Florida) while being absent in other subtropical regions (i.e. east Florida, KwaZulu-Natal), and predicts the presence of basking sharks in areas with known occurrences of the species but no precise data (i.e. Uruguay east coast). Our results provide quantitative evidence of habitat suitability useful for historical baseline estimation, conservation and recovery planning. confidence interval (95% CI) is also given for each model. Abbreviations for variables included are: chl a min = minimum chlorophyll concentration, chl a mean = mean chlorophyll concentration, chl a max = maximum chlorophyll concentration, chl a range = chlorophyll concentration range, SST min = minimum sea surface temperature, SST mean = mean sea surface temperature, SST max = maximum sea surface temperature, SST range = sea surface temperature range, oxygen = mean dissolved oxygen concentration, salinity = mean salinity. int + chl a max + salinity + SST max + chl a max2 + salinity2 + SST max2 + chl a max3 + salinity3 + SST max3 + chl a max:SST max 939.254 959.369 Within each hypothesis, models are ranked according to their Akaike Information Criterion (AIC); lower values of AIC indicate a better fit. Bayesian Information Criterion (BIC) is also given. The best model is shown in bold. Abbreviations for variables included are: chl a min = minimum chlorophyll concentration, chl a mean = mean chlorophyll concentration, chl a max = maximum chlorophyll concentration, chl a range = chlorophyll concentration range, SST min = minimum sea surface temperature, SST mean = mean sea surface temperature, SST max = maximum sea surface temperature, SST range = sea surface temperature range, oxygen = mean dissolved oxygen concentration, salinity = mean salinity. Variable names numbered 2 and 3 mean that variable to the second or third power, respectively. (Tyberghein et al., 2012) . 
